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EFFECTS OF COMPRESSIBILITY ON MAXTMUM LIFT COEFFICIENTS
FOR SIX PROPELLER AIRFOILS
By Harold E. Cleary

SUMMARY

An extension of previously reported data on the
variation of maximum lift coefficlent with Mach number,
camber, and thickness ratioc 1s presented. The data were
obtalned from pressure-dlstribution tests in the
Langley 8-foot high-speed tunnel of six propeller air-
folls of l-foot chord.

It was found that the maxlimum 1ift coefflclents of
all the airfolls were markedly affected by compresslibility
at Mach numbers as low as 0.2. At Mach numbers above
the order of 0.45, large increases 1n maximum 1lift
coefficlent occurred. The comblnation of a thlckness
ratio of 0.15 and a design 1ift coefficlent of 0.7 was
found to be critical, with adverse effects on maximum
1ift coefficlient occurring over most of the speed range
Investigated.

INTRODUCTION

It has been pointed out 1n reference 1 that the
predlction of high-1ift performance of airfolls at high
speeds based on low-speed data can be seriously in error.
The low critical speeds occurring at high lifts and the
separation produced by severe pressure gradlents over
the alrfoll affect the maximum 1lift coefficlent at
Mach numbers as low as 0.2. It was also indicated that
large increases in the maximum 1lift coeffliclent are to
be expected at values of Mach number above 0.5. The
data presented hereln lnclude an extension to highsr
Mach numbers of the data for the three airfolls presented
in reference 1 as well as date for three additlonal air-
foils tested to establish more definitely the effects of
camber and thickness ratio.
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The effects of compressibility on maximum 1ift coef-
ficient as presented in reference 1 and herein have
perticular apnlication to propeller performance at take-
off end some climb condlitions. These applications
combine high-1ift loadings on the blades with high speeds
over a conslderable portion of the blades.

The tests were conducted in the Langley 8-foot high-
speed tunnel on 'models of 1-foot chord to obtain full-
scale propeller Keynolds numbers and reduced tunnel-wall
effects. Meaasurements conslsted, principally, of the
pressure distribution at the center of the alrfoll model.
This method of measurement glves effectively two-dlmensional
results, which best illustrats the type of phenomenon that
occurs.

SYMBOLS
v alr-stream veloclty, feet per second
a speed of sound 1n alr, feet per second
M air-stream Mech number (V/e)
R Reynolds number
1 sectlon 1ift. pounds per foot of span
¢ mocéel chord, feet
P elr-stream mass density, slugs per cublc foot
q air-stream dynamlc pressuré, pounds per aquare
foot (%9V2>
ey section 11ift coefficlent (1/gc)
Clmax maximum sectlon 1lift coefficient
t model maximum thickhess, feet

P locel static pressure, pounds per square foot
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Po alr-stream statlic pressure, pounds per square
. - foot,_ ~ PO B e o - -

i P-D
P pressure coefficlent <}——a—£€)

APPARATUS AND METHODS

The Langley 8-foot high-speed tunnel 1s a single-~
return, circular-section, closed-throat tunnel. The
alrspeed 1s continuously controllable from about 75 to
550 miles per hour. The turbuience of the alr stream,
as Indicated by transltion measurements on airfolls, is
unusuelly low but somewhat hlgher thasn that of free alr,

Six models having NACA 16-209, 16-509, 16-709,
16-215, 16-515, and 16-715 airfoil sections of 1-foot
chord were 1nvestigated. Thirty pressure orifices
distributed along the chord were located at essentlally
the same spanwlse statlon at the center of the alr stream.
The chordwlse orifice locations and alrfoll shapes are
shown in flgure 1. The alrfoll ordinetes wers calculated
by the methods described in reference 2.

The model, when mounted in the tunnel, completely
spanned the Jet (fig. 2). Except for auxiliary streamline-
wlre bracing, requlred by structural considerations, the
standard mounting and setup for the Langley 8-foot high-
speed tunnel were employed. Tests at low and medlum
speeds wlth and without braces indicated that interference
of the auxlllary supports on the flow at the measurement
station was negliglble.

The surface pressure orifices 1n the alrfoll were
connected to a multlple-tube manometer located outaside
the test section. The pressure tublng connecting the
orifices had a small dlameter and was located within the
alrfoll. The pressures at all orifices were recorded
simultansously by photographing the multiple-tube manometer.

The Mach number range extended from 0.12 to -0.68
and the Rzynolds number range, from 0.87 x 106 to
3.75 x 100, The variatlon of Reynolds number with Mach
number 1s shown in figure 3.
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RESULTS

The maximum section 11ft coefficlent was

®Imex
determined as the highest value of 1lift coefficlent in
the positive range of engle of attack. The values of
normal=-force coofficlent were obtalned from integration
of the chordwlse pressure dlstributlion. Analysis has
shown that, up tc the value of maxiimm 11ft coefficient,
the normal-force coefficient and the 1lift coefficient
are essentially the same.

The angles of attack at which the maximum 1ift
coefficlent occurred for the various esirfclls are presented
In table I. The variatlon of maximum sez%tion 11ft coef-
ficient with Mach number 1s given in tigure li, The small
arrowheads on the curves between Mach numbers of 0.)0
and 0.50 indicate the points beyocnd which the critical
speed has been exceedsd. Figure 5 shows the pressure
distribution over the NACA 16-215 ailrfoil for Mach numbers
of 0.25 and 0.0 at an angle of attack of 13°, which is
the atall angle at M = 0.25. Pressure distributlons
over the NACA 16-515 airfoll are presented in figure 6
for Mach numbers of 0.l:0, 0.55, and 0.60 at en angle of
attaclk of 11°, Pressure distributions over the
NACA 16-7T715 airfoil are glven in figure 7 for Mach numbers
of 0.33, 0.60, and 0.57 at un angle of attack of 100°.
These angles of attack, 11° and 10°, are near the angle
of stall and represent the phenomena that occur in the
nelghborhood of maximum 11ft. The lower-surface pressure
distributions are presented only for the lowest values of
Mech number in figures 6 and T because little change
takes vlece over the lower surface in the range of
Mach number shown.

These data, as presented, have not been corrected
for wind-tunnel-wall interference. An analysis, however,
has been made of these effects according to the mothods
of reference 3 which gave the following maximum corrections:
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Mach Lift Moment | Trag | Anglé’ of
number coefficient] coefflolent| attack
Design Ises than | less than -0.002 Less than | Less than
11ft range|l percent | -1 percend . 0.0001 t0,01°
High 1 peroent | -2 percent =0.002 0.001 $0.05°
11ft range i

—pe

The method of correction used has only qualitative
application at high values of 11ft coefficient and super=
critical values of Mach number. The corrections obtained,
however, glve a good eostlmate of the order of the intar-
ference effects.

DISCUSSLION

It has bzon shown in references 1 and L} thet the
maximum 11ft coofficlent may bo edvorssly affacted at
a Mach number as low as 0.20. FReference 1 shows that,
whon Mech nvmbor ani PRejynolds numbzsr were changed
simultaneously, the maxiamum 1X1ft coefflclent 1lncreased
until a Mach number of .20 was reached. Turther lncreasa
1n Mach number led to adverse comprosslbllity effects and
separctlon phinomena. This effect, as has beoen showm
in refercence 1, preventad further rise 1a clmax In the
case of a thin alrfoll and caused a pronounced reduction
in G}ma .in the case of & relatively thick alrfoll.

X

It is fursher indicated in reference 1 that increeses in
Mach number above 0.50 will lead to marked increases in
alrfoll maximam 11ft coefflclents.

The data presented herein, which include an
extension of the ranges of camber, thlckness, and
Macii number of reference 1, substantiete and extend the
conclusliona of reference 1.

The anglea of attack for maximum 1ift (table I)
are higher for the thicker airfolls than for the thinner
airfolls and, in gsnoral, incroase wlth camber for the
thickcr alrfoils throughout tho range of Mach number.
For a glven camber and thickness, the anglo for maximum
1ift tends to decrease with increasing Mach number.
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: The results presented in figure l; show that the
maxinmm section 11ft coefficlent 1s a function of

Mach number, thickness ratio, and camber. The variation
of the maximum 1lift coefficlent with Mach number for a
given camber and thiclmess generally shows an increase
to a Mach number of 0.25. Between Mach numbers of 0.25
end 0,50 virtually no further increase in the maximum
11ft coefficlent 1s found for the thinner airfoils and a
large decrease 1ls found for the l5-percent-thick air-
folls. Thlis goneral variatlon 1s not followed by the
NACA 16-209 ailrfolil. The nearly constant value of the
meximum 11ft coefficient up to a Mach number of 0.50 for
this airfoll is in accord with previous results; which
Indicated that thin alrfoiis, beceuse they have small
leading~odge radil, have effectively fixed degrees of
separatlion and separatlon points. Beyond a Mach number
of epproximately 0.50 the maximum 11ft coefficlent
increases sharply for all the alrfolls and decreases
again only for the NACA 16-715 airfoll bayond & Mach
number of 0.60.

The general effect of Increasing elther thicknoss
or camber 1s to 1ncresase the value of the maximum 1lift
coefficient. The offect of lncreasing thickness on the

varliation of chax with Mech numbar 18 to accentuate

the adverseo effects 1ln the reglon between Mach numbers
of 0.25 and 0,50,

Tho increase of moximum 11ft coefflcient with Rech
number obscrved at low speeds up to a Mach number of 0.25
1s similar to the varlation with Reynolds number for
alrfolls of medium thicknoss., Further lncreese in speed
above a Mach number of 0,25 leads to largar advorse
pressuro gredlonts thoat iInduce greater thickenlng of the

boundary layer or separatlon, which reduce the circulation

around the cirfoil. Thls effect 1s 1llustrated by the
pressure disbrlibution over the NACA 16-215 airfoll

(fig. 5) at an angle of atteck of 130, which 1s tho angle
of stall at a Mach number of 0.25 and 1s bvyond the

angle of stull at a Mach number of 0.40. The pressures

near the tralling edge Indicate the lncrease in sepsration

between Mach numbers of 0.25 and 0.0, and the pressures
over the rost of the airfoll show the loss of 1lift
accompanying these changes.
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The large increases in maximm lift coefficient
beyond a Mach number of 0.50 (fig. l}) are due to the
rearward movement of the peak pressures over the airfoll
after the critical speed of the sectlon has been reached
and strong compresslon shock has been established. (The
critical Mach number at maximum 11ft 1s 0.4/5 or below
for all these airfolls except the NACA 16-209 airfoll,
for which the critical Mach number is 0.50.) The effect
of these phenomena 1s illustrated in figures 6 and 7,
which show the lncrease in area under the pressure-
distribution curve that accompanles supercritical compressl-
billity effects as the Mach number is increased.

The failure of the NACA 16-~715 alrfoil to develop a
maximun 11ft ccefflcient much greater than that for the
NACA 16-515 airfoil in the Mach number range from
0.12 to 0.25 {fig. li) 18 ascribed to a critical combina-
tion of camber and thickness which leadas to extremse
adverse pressure-recovery gradleants over the rear portion
of the airfoll. These adverse presasure gradlents result
In seperation at lower 11ft coefficlents than might be
expected for an alrfoll of this cumber. The angles of
attack for meximum 1if+ (table I indicate that for an
increase of cambur frem 0.5 to 0.7 for airfollis having
a ithicimess ratio of C 15, there is no lncreasc in angle
of etsack at Math numbers less tnsn 0.33. Between Mach
numbe»s of 0.%3 and 0.48, the angle of maximum 1lift for
the NACA 16-715 airfoll i1s higher than that for the
NACA 16-515 airfoll and thus indicates an improvement of
the flow. This improvement is 1llustrated in figure L
in the Mach number region of 0,35, where the lncrement
of meximum section 1lift coefficient between the NACA 16-515
and 16~-715 airfoils 1s of the samo order as that betwoeen
the NACA 16-509 and 16-709 alrfoils. The critiocal nature
of the NACA 16-715 airfoils is further indicated by the
loss of mexirmum sectlon 11ft coefflclent that occurs
beyond a Mach number of 0.60. This loss is principally
a separation phenomenon and 1s l1llustrated by the pressure
distribution at a Msch number of 0.67 showm in figure 7.

The increase of maximum 1li1ft coefficlient with camber
results from the fact that at an angle of attack of 0°
the alrfoils having higher camber develop higher 1ift
coeffliclents, have essentially the same lift-curve slope,
and (as 1llustrated in table I) stall at about the same
angle of attack. The effect on alrfoll characteristics
of increasing thickness 1s to lncrease the value of the
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stall engle. A further effect of thickness is to change
the type of flow over the leading edge, as polnted out
in reference 5.

It was pointed out in reference ! that somse improve-
ment in propeller teke-off thrust may be effected in
marglinal desligns through utilligation of the increase in
maximum 1ift obtalned from incresssd design camber.
Because 1t has been lndicated that small changes in
camber have llttle effect on the critical speeds of these
sections when operating In the deslgn range, small
Incroases in camber wlll not materially affect the high-
speed operatlon. .

Tne large increases 1n maximum section 1ift coef-
flclent in the high Mach number range above 0.50 may be
utillzed for increased take-~off thrust because a large
portion of the propsiler blade operates at relatively
high values of Mach number even at low forwerd speeds.
Eventual losses are to be expected, however, at Mach
numbers higher than the range of the present tests, as
indicated by the rssults for the KACA 16-T715 airfoil.

Theso results for The NACA 16-715 airfoll are
signif:cant when contrizted with the results for the
NACA 16-709 aand in-21% airfoils “hroughout the range of
Mech number tested. The results indicate that the
combination of a thickness ratio of 0,15 and a design
c; of 0.7 is unconservative, and spcclal ccre must he

taken 1n the selection of sections 1n or boyond this
critical range of comblnatlons of thickness ratio end
deslign 11ft coeffilclent.

The rosults of those tests are bolleved to be common,
at least qualltatively, to all alrfolls in current uso
because in the stell rcglon all airfoils e:hibit a
characterlstlic pressuro peak near the leading edge and,
hence, have qualitetively tho same typc of flow pattern.

CONCLUSIONS

The prossure~-dlstributicn measurements of six
NACA 1l6-series alrfolls made to investigate the offects
of compressibility on the maximum section 11ft coef-
ficlents indicated that:
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- - 1, The maximum 1lift coefficlent of airfoils wos
affeocted by compressibllity at Mach numbers as low as 0,20,

2. At high Mach nmumbers large increases. in the
maximum 11ft coefficlent occurred.

3« Increnso in camber resulted 1ln lncrenses in the
maximum 11ft coefflclent.

L. Increase in thiclmoss ceused an increase in the
meximun 11ft coefficlent and accentuated the compressi-
bllity effocts.

5. The combinatlon of & thicknoss ratio of 0,15
and a deslign 11f%t coefflclent of 0.7 resulted in an
unconservative scction wlth losses in maximum 1ift
cooefficiont at high Mach numbors, Speclal caro must be
exerclsed In the sclectlon of sections in this critical
range of comblnatlions of thlockness ratio and deslgn 1ift
coefflclent.

6. For propolilcr designs that are marginal in
take~or; improvement in toake-off thrust may be realized
by incrzase 1in deslign couber,

Langloy Memorial Aeronsutical Laboratory
Natlicnal Advisory Commltteo for Aeronautics
Langley Ficld, Va.
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TABLS I

ANGLES OF ATTACK FOR MAXIMUK LIFT COEFFICIENT

Angle of attack

(deg)

NACA
airfgil i
oekton 16-209 16-509 15-709 16-215 16-515 16-715
Mach .
number b
0.12 10.0 10.0 11.0 12.0 15.0 15.0
.20 10.0 3.5 12.5 12.5 15.5 15.0.
.25 9.0 .5 ic.0 13.0 %Z.O 15.0
.33 10.0 g.o 9.5 12.0 .0 %Z.o
10 10.0 .5 9.0 11.0 13.0 .0
.8 9.0 g.o 9.0 11.0 12.0 1.0
.53 g.o .0 9.0 10.5 12.0 11.0,
(] 0 .0 900 g-o 2-5 ------ 11.0
.6% ------------ .0 O | e 10.0
'6 ----------------------------- 8.0
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Spanwise location
of orifices

Streamline-
wire bracing
95" diam.
(a) Airfoil mounrting in +unnel.
S't.rea.ml_ir’rg’,,r“
wire
[ \d o NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS
(b) Detail of bracing.

Figure & .— Diagrommatic sketch of a/rforl mournting
ond bracing in the Lgrngley 8-foot A/gh-speed Furre/.
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of l° at Mach numbers of 0.40, 0.55,
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